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A B S T RA C T A series of monoclonal antibodies to T
cell surface antigens were used to characterize
peripheral lymphoid populations from patients with
a variety of immunodeficiency diseases. Several dis-
orders of T cell differentiation were observed to occur
in severe combined immunodeficiency. One subtype
of severe combined immunodeficiency was associated
with failure to develop lymphocytes that express any
thymus specific antigens, another with failure to dif-
ferentiate beyond the early prothymocyte-thymocyte
(T9+, T10+) stage, while a third subtype was associated
with failure to differentiate beyond a late thymocyte
(T3+, T4+, T5+/T8+, T10+) stage. In contrast, patients
with thymic aplasia (DiGeorge syndrome) had a
diminished but detectable population of mature T
cells. Imbalances in immunoregulatory T cells with a
relative excess of suppressor cells were found in 9 of
17 patients with spontaneously occurring acquired
agammaglobulinemia. In one of the latter individuals,
there was an activated suppressor T cell population
expressing Ia antigens (T5+/T8+, Ia+). Another had no
inducer T4+ cells. Patients with X-linked agamma-
globulinemia frequently had an abnormal ratio of in-
ducer to suppressor cells as well as an absence of cir-
culating surface immunoglobulin-bearing cells. No
such abnormalities were noted in normals or in-
dividuals with selective immunoglobulin (Ig)A de-
ficiency. Taken together, these findings support the
notion that several immunodeficiency states may occur
as a consequence of defective T cell maturation or
imbalances in immunoregulatory T lymphocyte sub-
populations.
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INTRODUCTION

The human immune system, like the murine system,
consists of discrete subsets of T lymphocytes which
are critical for immune homeostasis (1-2). Numerous
studies have now demonstrated that it is the balance
between effector and regulatory subsets of cells that
actually governs the outcome of an immunologic
response after antigen triggering. The T inducer/
helper subset facilitates the activation of other cells,
including T lymphocytes, B lymphocytes, macro-
phages, and hematopoietic stem cells (1, 3-6). This
inductive influence is regulated by the presence of
suppressor T lymphocytes, which function to either
inactivate the inducer population, or, alternatively,
the effector population (6-7).

Prior studies have indicated that during intrathymic
differentiation and maturation, T cells diverge into
functionally distinct subpopulations of cells program-
med for their respective inducer/helper and cytotoxic/
suppressor functions (8). In man, the earliest cells
within the thymus bear antigens shared by some bone
marrow cells but lacking on mature T lymphocytes.
This population (stage I thymocytes) accounts for
-10% of the total thymic population and is reactive
with two monoclonal antibodies, anti-T9 and anti-T10.
With maturation, thymocytes lose T9, retain T10, and
acquire a thymocyte-distinct antigen, T6, analogous
to the TL antigen in the mouse. Concurrently, these
cells express antigens defined by anti-T4 and anti-
T5/8. Thus, the T4+, T5/8+, T6+, T10+ thymic popu-
lation (stage II common thymocytes) accounts for
70-80% of the total. Stage I and II thymocytes are
immunologically incompetent. With further matura-
tion, thymocytes lose the T6 antigen, acquire T3, and
segregate into distinct T4+ and T5/8+ subsets (stage
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III thymocytes). Immunologic competence is partially
acquired at this stage, but not fully developed until
the thymic population is exported, at which time the
T10 antigen is lost (9). The mature circulating T3+,
T4+ population and T3+, T5/8+ population are recipro-
cal subsets of cells and account for 55-65% and 30%
of the T cell population, respectively (1). These sub-
sets, in addition to their effector fuinction, exert pro-
found regulatory effects and control both the type and
intensity of the cellular immune response. Thus, only
the T4+ T cell-induced cytotoxic T killer cells (3),
facilitated B cell proliferation, differentiation, and im-
munoglobulin production (4), and generated soluble
helper factors (5). In contrast, the T5/8+ population
became the cytotoxic/effector cell in cell-mediated
lympholysis (7), was inducible by concanavalin A to
suppress T cell responses (7), and suppressed B cell
immunoglobulin production (6).

Many investigators have reported on aberrations of
T cell subsets in immunodeficiency diseases (10-12).
In the present study, we have examined the dif-
ferentiation of populations of T lymphocytes in a
group of patients with acquired and congenital im-
munodeficiencies using monoclonal antibodies to mark
stages of T cell maturation and to discriminate
functionally distinct subsets. Our results support the
notion that immunologic incompetence can result from
two types of disorders of T cell development. Firstly,
there exist disorders associated with release of im-
mature thymocytes into the circulation. On the other
hand, immunoincompetence may also result from dis-
orders in which there is either a marked reduction
or imbalance in mature T lymphocytes with asso-
ciated abnormalities in inducer/suppressor cell ratios
and function.

METHODS
Patient population. The diagnosis of severe combined im-

munodeficiency (SCID),' thymic aplasia (DiGeorge syn-
drome), acquired and X-linked forms of agammaglobulinemia,
and IgA deficiency were defined by previously reported
criteria (13). All patients with SCID were adenosine deami-
nase positive (ADA+). Normal control blood was obtained
from healthy individuals undergoing other routine laboratory
procedures. No patients were acutely ill or receiving
steroid therapy at the time of study.

Mononuclear cell preparation. Mononuclear cells were
prepared by Ficoll-Hypaque (Pharmacia Fine Chemicals,
Div. Pharmacia, Inc., Piscataway, N. J.) density centrifugation
as previously described (9).

Monoclonal antibodies. A series of monoclonal antibodies
was used to define cell surface antigens on human lympho-
cytes of T lineage. Their production and characterization
has been described in detail previously. In brief, anti-T3
was found to be reactive with all peripheral T cells and a

'Abbreviations used in this paper: MLC, mixed lympho-
cyte culture; SCID, severe combined immunodeficiency.

fraction of mature thymocytes (14). In contrast, anti-T4 and
anti-T5/8 reacted with subpopulations of T cells representing
60 and 20-30% of peripheral T cell populations, respectively
(3, 7-8). The former population defined the human inducer
subset, whereas the latter two antibodies defined the cyto-
toxic/suppressor subset. Anti-T6 defined a thymus specific
antigen expressed on 70% of thymocytes and lacking on
peripheral lymphocytes of T or non-T lineage (8). Anti-T9
reacted with an antigen expressed on 10% of thymocytes,
but not on resting normal T cells or non-T cells in lymphoid
organs. The anti-T1O monoclonal antibody was reactive with
.95% of thymocytes, s20% of bone marrow cells, and
-<10% of peripheral T cells (8). Finally, the anti-Ia mono-
clonal antibody defined a bimolecular glycoprotein antigen
complex of 29,000- and 34,000-dalton subunits and was re-
active with resting B cells and a fraction of monocytes, but
unreactive with resting T cells. This antigen was found to be
expressed, moreover, on T cells after activation (14).

Analysis of lymphocyte populations in patients with
immunodeficiency. After separation by density centrifuga-
tion, 1-2 x 106 lymphocytes were incubated at 4°C for 30 min
in a 1:250 dilution of one or another monoclonal antibody
and then washed twice. The cells were subsequently
reacted with a 1:40 dilution of goat anti-mouse IgG (G/M
FITC) (Meloy Laboratories, Springfield, Va.) or with mouse
IgG subclass specific goat antibodies for 30 min, centrifuged,
washed three times, and analyzed on a FACS (FACS-I)
(Becton-Dickinson, Mountain View, Calif.), Zeiss (Carl
Zeiss, Inc., New York) or Leitz (E. Leitz, Inc., Rockleigh,
N. J.) immunofluorescent microscope, or both, as previously
described (3-4, 15). Background staining was obtained by
substituting 0.15 ml of a 1:250 dilution of control ascites
from a mouse immunized with a nonproducing hybridoma
clone. Results of cell reactivity obtained by FACS or im-
munofluorescent scope analysis varied <10% from one
another. For determination of surface (s)IgM+ cells, an
identical procedure was utilized, with the exception that an
F(ab')2 rabbit anti-human IgM-FITC (N. L. Cappel Labora-
tories, Cochranville, Pa.) or an affinity purified goat anti-
human IgM-FITC was substituted for G/M FITC.

Mixed lymphocyte culture. The proliferative responses
to alloantigens in mixed lymphocyte culture (MLC) were
measured by tritiated thymidine ([3H]TdR) incorporation as
previously described, utilizing 105 responder lymphocytes
and 105 mitomycin c treated stimulator cells (3).

RESULTS

SCID: heterogeneity of defects in T cell maturation.
SCID denotes a heterogeneous group of hereditary
diseases in which there is a failure of normal T and
B cell maturation (16). Peripheral blood lymphocytes
were analyzed from five of these patients. As shown
in Table I, three major patterns of reactivity with
anti-T cell monoclonal antibodies were observed.
Patients 1-3 lacked any circulating cells bearing
mature T cell antigens. 12% of lymphocytes from
patient 1 bore the T10 antigen found on bone marrow
precursor cells (presumably including prothymocytes)
and thymocytes, but no antigens normally acquired
in the thymus. Although patients 2 and 3 lacked T cells
of mature phenotype, unlike patient 1, a sizeable
portion of their circulating lymphocytes bore both T9
and T10 antigens, characteristic of stage I thymocytes.
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TABLE I
Analysis of Circulating Lymphocytes from Patients with SCID

%Reactivity with monoclonal antibodies anti
MLC

Patient Age Sex Leukocyteshnm3 %Lymphocytes -T3 -T4 -T6 -T8 -T9 -T10* proliferationt

1 5 mo M 4,200 20 0 0 0 0 0 12 <3
2 3 mo F 5,300 14 0 0 0 0 50 55 <3
3 10 mo M 5,700 55 0 0 0 0 33 30 <3
4 6 mo F 6,851 68 65 69 0 60 2 63 43
5 4 yr F 8,155 26 76 82 0 68 0 60 27

*Normal age-matched values (n = 5): anti-T3 = 71+5; anti-T4 = 45±4; anti-T6 = 0; anti-T8 = 22+3; anti-T9 = 1+1; and
anti-T1O = 10+8. (Results are expressed as mean±SEM.)
t MLCproliferation is expressed as stimulation index = experimental counts/media control counts.

It should be noted that lymphocytes from patients
1-3 lacked all T cell functions tested, including
soluble and alloantigen proliferation, mitogen pro-
liferation, and cytotoxic effector cell generation in cell
mediated lympholysis (data not shown). Moreover,
these individuals were severely hypoglobulinemic
as well (<100 mg/dl of IgG and undetectable IgA and
IgM). In contrast, patients 4 and 5 maintained a cir-
culating T cell population that expressed T3 antigen.
Both of the latter patients' T cells co-expressed T3,
T4, T8, and T10 antigens. This phenotype is charac-
teristic of stage III thymocytes.

Further evidence for the distinctions between SCID
patients 1-3 and patients 4 and 5 was a functional
observation that the latters' T cells proliferated to
alloantigens in MLC, whereas the former's did not
(Table I). However, lymphocytes from all patients
lacked proliferative responses to any dose of phyto-
hemagglutinin tested or the specific antigens, tetanus
toxoid or diptheria toxoid under optimal culture
concentrations (10 ,ug/ml) and despite prior sensitization.

DiGeorge syndrome. Congenital thymic aplasia
(DiGeorge syndrome) results from failure of embryo-
genesis of the entodermal derivatives of the third and
fourth pharyngeal pouches (17, 18). The accompanying
T cell defect is associated with susceptibility to

viral, fungal, and bacterial infections on the one hand,
and an increased incidence of autoimmunity in later
years on the other (19).

Analysis of lymphocytes from five patients demon-
strated a significantly decreased percentage of T3+
mature T cells in four of five cases (patients 1, 3, 4
and 5; Table II). No T6+ cells were noted and the
percentage of T9+ and T10+ cells was normal (data not
shown). Perhaps more importantly, there was a de-
crease in percentage of T8+ suppressor/cytotoxic cells
relative to T4+ inducer cells (high T4+:T8+ ratio) in
all five cases.

X-linked and common varied forms of agamma-
globulinemia and selective IgA immunodeficiency.
To determine whether there were abnormalities of
inducer/suppressor ratios in other immunodeficiency
states, T cell subsets were characterized in patients
with common varied or "late onset" agamma-
globulinemia, X-linked agammaglobulinemia, and
selective IgA immunodeficiency. Westudied the dis-
tribution of peripheral T cell subsets in 17 patients
with late onset agammaglobulinemia, most of whom
possessed normal numbers of B cells. A relative in-
crease in T5+ cells was observed in 9 of those 17 pa-
tients (Table III). One individual, patient 13, not only
had a marked increase in the T5 population but these

TABLE II
T Cell Subsets in Patients with Congenital Thymic Aplasia (DiGeorge Syndrome)

%Reactivity with monoclonal antibodies anti

Patient Age Sex Leukocytes/mM3 %Lymphocytes -T3 -T4 -T6 -T8* Ratio T4:T8t

1 4 mo F 9,700 30 27 23 0 4 5.8
2 2 mo M 13,200 24 64 59 0 14 4.2
3 8 yr M 8,700 35 35 31 0 7 4.4
4 6 yr M 11,300 28 18 14 0 2 7
5 36 yr F 8,700 18 14 9 0 2 4.5

* Normal childhood and adult age values for 25 controls: anti-T3 = 68+4; anti-T4 = 39+3; anti-T6 = 0; and anti-T8 = 24+1.
t Normal T4:T8 ratio = 1.9+0.3 for 25 controls.
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TABLE III
T Cell Subsets in Patients with CommonVariable Agammaglobulinemia and a Circulating B Cell Population

%Reactivity withmonoclonalantibodies anti %Cells

Patient Age Sex Leukocytes/mm3 %Lymphocytes -T3 -T4 -T5 -Ia sIgM+I T4:T5 Ratio

1 55 M 9,100 15 59 29 34 20 10.5 0.85
2 36 F 8,000 20 65 21 37 18 10.5 0.57
3 38 F 4,100 40 65 28 30 20 7 0.93
4 23 F 9,700 27 73 43 20 13 10 2.15
5 33 M 5,200 48 78 28 41 28 15.8 1.46
6 25 F 3,600 23 67 32 28 5.8 1.14
7 20 F 9,700 32 78 41 27 13.1 1.52
8 43 F 6,900 38 58 10 48 3.7 0.21
9 45 F 60 30 27 25 6.2 0.11

10 22 M - 50 31 15 7 4.5 2.07
11 11 M 10,200 7 70 13 28 5 9 0.46
12 16 M 20,100 11 30 26 10 7 2.6
13 17 M 13,500 52 80 15 68 70 6 0.22
14 10 F 4,500 36 75 0 72 12 10 0
15 15 M 7,100 53 49 30 12 15 8.6 2.5
16 21 F 6,200 46 64 46 20 15 9 2.30
17 15 M 33 20 14 13 8 1.43

* Normal ratio 2.0±0.3 for 25 normal controls.
t Cells sIgM in normals = 9+2.

cells were activated as judged by the coexpression of
la antigen. This individual's T5+ subset was pre-
viously shown to suppress a normal HLA-identical
brother's B cells from secreting immunoglobulin (12).

A novel phenotype was defined in patient 14: all of
her circulating T cells expressed the T5 antigen and
none were T4+. The patient's T cells failed to provide
helper function to initiate B cell immunoglobulin
secretion and, unlike the T lymphocytes from patient
13, were Ia negative and had no suppressor effect.

Table IV shows the results of T cell subset analysis
of patients with X-linked agammaglobulinemia who

lack surface immunoglobulin positive B cells. The
majority of patients with this disorder did not possess
a low ratio of inducer/suppressor cells (7 of 11). How-
ever, only 3 of 11 patients had a normal ratio; 4 of 11
were found to have a relative increase in their inducer/
suppressor ratio (patients 3, 4, 6, and 7), whereas others
had a relative decrease (patients 1, 2, 10, and 11). That
these abnormalities of T cell subsets are not accom-
panying findings in all immunodeficiency state is clear
from analysis of T cell subsets in patients with selec-
tive IgA deficiency. Individuals with this syndrome
had no abnormalities in T cell subsets (Table V).

TABLE IV
T Cell Subsets in Males with X-LinkedAgammaglobulinemia and No Surface Immunoglobulin-Bearing B Cells

%Reactivity with monoclonal antibodies anti

Patient Age Leukocytes/mm3 %Lymphocytes -T3 -T4 -T5 -Ia T4:T5 Ratio

1 16 10,000 40 75 34 55 22 0.62
2 19 7,500 43 78 41 37 27 1.11
3 14 9,900 29 84 56 17 20 3.29
4 12 5,700 48 71 44 13 30 3.38
5 3 9,900 30 66 40 25 15 1.60
6 15 8,700 31 64 37 13 2.85
7 1 6,000 85 76 62 13 4.77
8 26 9,800 30 65 53 20 31 2.65
9 17 7,600 20 30 20 10 25 2.0

10 25 14,300 13 50 16 25 21 0.64
11 5 5,000 70 30 14 19 29 0.79
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TABLE V
Analysis of Lymphocytes in Patients with Selective IgA Deficiency

%Reactivity with monoclonal antibodies anti

Patient Age Sex Leukocytes %Lymphocytes -T3 -T4 -T5 -Ia

1 6 F 14,500 17 62 28 17 22
2 17 M 4,400 27 61 44 17 40
3 47 M 6,200 23 60 46 9 34
4 4 M 49 28 13 31
5 50 F 4,600 46 69 34 23 24
6 30 F 6,000 24 60 39 15 24
7 28 F 44 25 17
8 21 M 11,100 11 65 33 28
9 14 M 7,800 25 57 33 23

DISCUSSION

In the present study, lymphocytes from patients with
a variety of immunodeficiency states were charac-
terized utilizing a series of monoclonal antibodies.
In a large number of patients, abnormalities of T cell
differentiation as well as imbalances in mature im-
munoregulatory T cell subsets were observed. As an
example of the former, examination of the circulating
mononuclear cells in patients with SCID revealed
three major phenotypes. One SCID patient had
lymphocytes bearing the early bone marrow and/or
thymocyte antigen T10 exclusively. This individual,
lacking in lymphocytes expressing antigens normally
acquired in the thymus, was the only one in our
series to meet the criteria of the Swiss type SCID
(13). In addition, a second group of patients had
lymphocytes bearing both T9 and T10 antigens while
a third group had circulating lymphocytes which were
arrested at the level of stage III in thymocyte devel-
opment and thus bore the T3, T4, T5/T8, and T10 anti-
gens. Wewere unable to detect SCID patients with
defects of differentiation resulting in circulating
stage II (T6+) thymocytes. This might have been due
to the small patient population tested, or alternatively,
the possibility that normal thymocytes of this pheno-
type are incapable of migrating to peripheral blood.

Patients with DiGeorge syndrome and acquired
agammaglobulinemia often had abnormalities of
mature T cell subset distribution. In the case of
DiGeorge syndrome, all patients studied had a diminu-
tion of T8+ suppressor cells as judged by an elevated
ratio of T4+ inducer/T8+ suppressor cells. In contrast,
9 of the 17 patients with acquired agammaglobulinemia
had a relative excess of suppressor cells and a reduced
inducer/suppressor ratio. The latter findings would in-
dicate that excess of suppressor cells may not be an in-
frequent cause of acquired agammaglobulinemia. The
distribution of T cell subsets in patients with X-
linked agammaglobulinemia who had no circulating

B cells was often abnormal as well but was charac-
terized by either a decrease or increase in the inducer/
suppressor ratio. Thus, there was no predominant
pattern. No abnormality in T cell subsets was asso-
ciated with selective IgA deficiency.

The observation that three major phenotypic forms
of SCID appear to exist is consistent with a variety
of functional data implying heterogeneity in this
disease category (16). Thus, one group of SCID pa-
tients with circulating stage III thymocytes mounted
a normal proliferative response to alloantigens and
had relatively normal immunoglobulin levels (Table I,
unpublished data). Since it was previously shown that
the capacity to proliferate to alloantigens in MLCwas
developed at the time of acquisition of mature T cell
antigens (i.e., T3), these results were not unexpected
(9). In contrast to those individuals, SCID patients
with T10 or T9 and T10+ lymphocytes were im-
munoincompetent and this would appear to correlate
with the relative immaturity of this lymphoid popu-
lation. In these individuals, <5%of their mononuclear
population rosetted with sheep erythrocyte (data not
shown). In addition, it is of note that one group of
SCID patients has been thought to have a "bare
lymphocyte syndrome" in which HLA antigens are
lacking from circulating lymphocytes (20). Since HLA
related antigens have been shown to be acquired
during intrathymic ontogeny, it is likely that this
syndrome is associated with the SCID patients who
have circulating stage I thymocytes (21).

In the DiGeorge syndrome, the presence of mature
T cells that have diverged into T4+ inducer and the
reciprocal T8+ suppressor/cytotoxic cells, is consistent
with the view that these patients have a small thymic
rudiment (22). The deficiency of T8+ cells may corre-
late with the relative inadequacy of the thymic micro-
environment and the observation in the murine sys-
tems that suppressor populations are short-lived and
require rapid renewal from the thymus gland.
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Although most cases of agammaglobulinemia result
from B cell abnormalities, prior studies provided clear
evidence for a multitude of other etiologies for late-
onset agammaglobulinemia in individuals possessing
circulating B cells (23-25). In this regard, in vitro
studies have indicated that differentiation of B cells
to immunoglobulin secreting plasma cells is regulated
by T cells. Specifically, the T4+ population enhances
immunoglobulin production whereas the T5/T8+ subset
can suppress immunoglobulin secretion by B cells in
the presence of T4+ inducer T cells (6). Perhaps more
importantly, the degree of suppression is directly
related to the ratio of T4+ and T5/8+ cells. Thus, at a
physiologic ratio of 2:1, no suppression is observed,
while at lower ratios, (i.e., 1:1, 1:2, 1:5), moderate to
marked suppression is seen (6). These in vitro results
and our present findings suggest that a large number of
patients with this disease may have acquired agamma-
globulinemia on the basis of an abnormally low ratio
of inducer/suppressor T lymphocytes.

One individual (case 13) was found to have an ele-
vated number of suppressor cells expressing the Ia
antigen, indicating in vivo activation (14). A similar
activated suppressor population has been seen in
patients with acute infectious mononucleosis (26).
Thus, viral infection would appear to be capable of
activating selectively a suppressor population of cells.
This is of interest since acquired agammaglobulinemia
has been seen to follow a variety of viral infections
including infectious mononucleosis (27). Whether the
de novo acquired agammaglobulinemia associated
with a normal number of circulating B cells is in some
way related to viral disease is yet to be determined.

A novel form of acquired agammaglobulinemia with
circulating B cells, characterized by a total absence
of the T4+ inducer population, was defined in case 14.
The etiology of this individual's loss of the T4 subset
is unclear since there was no evidence for a cir-
culating autoantibody to inducer lymphocytes. It seems
noteworthy that despite the great excess of T5+ cells
in this patient, no functional suppressor activity could
be demonstrated. Lacking T4+ inducer cells, this in-
dividual may not have been able to activate T5+ sup-
pressor cells. Furthermore, although not found in the
present series of patients, it is likely that acquired
agammaglobulinemia may be associated with a
phenotypically normal number of T4+ inducer and T5+
suppressor populations, but which are functionally
defective.

The absence of a predominant T cell subset de-
fect in patients with X-linked agammaglobulinemia
who lacked circulating surface immunoglobulin bear-
ing cells is consistent with the view that this disease
is due to an aberrant differentiation along cells of B,
rather than T lineage. However, the observation that
patients with both decreased as well as increased

inducer/suppressor ratios are frequently detected, sug-
gests that the disease is heterogeneous. In this regard,
the multiple infections often contracted by these
patients may alter their T cell population. Alterna-
tively, the T cell subset abnormalities may be
secondary to the B cell defects themselves. In
either case, such combined T and B cell abnormalities
may serve to propagate the immunodeficiency state
or to thwart their repair with healthy donor cells (28).
The use of monoclonal antibodies to precisely define
the abnormalities of lymphoid cells will undoubtedly
help to unravel this complexity. It is also likely in the
future that even more sophisticated probes will be
able to define defects in class specific helper or sup-
pressor T cells resulting in selective isotype deficiencies.
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